UV irradiation of eukaryotic and prokaryotic cells leads to the formation of a variety of DNA photo-products, predominantly cyclobutane pyrimidine dimers (1) . Their repair is accomplished largely through the excision repair system. Although well characterized in prokaryotes as part of the SOS response inducible by UV and DNA damage (2) , excision repair in eukaryotic cells has been defined recently at the biochemical and genetic levels (3) . The mammalian response, also known as the UV response, is regulated by transcription factors such as AP-1, NF-B (4, 5) , and p53 (6) . Activation of both AP-1 and NF-B by UV is mediated by a signaling pathway in which the membrane-associated Ha-Ras protein plays a major role. Stimulation of Ras leads to activation of cytoplasmic protein kinases that increase AP-1 activity (7) and induce nuclear translocation of NF-B (4, 8) . This signaling pathway is involved in a protective function other than DNA repair (7) . AP-1 transcription factors are products of immediate-early genes. Activation of the immediate-early genes is thought to be an important initial step in the regulation of cellular and genomic responses to external stimulation (5) . UV damages DNA by photo-product formation (1) . According to Ljungman and Zhang (9) , these lesions activate p53 by blocking the transcription of active genes. The small DNA fragment thymine dinucleotide (TT; one of cyclobutane pyrimidine dimers) induces photoprotective responses in cultured cells and intact skin (10, 11) . These responses include increase of melanogenesis (10) , enhancement of DNA repair capacity (11, 12) , and activation of the p53 tumor suppressor in the absence of initial genomic DNA damage (11) . These findings suggest that mammalian cells can generate an SOS-like response to DNA damage, similar to what was previously described in prokaryotic cells (2) , and that p53 is involved in this response in mammalian cells (11) .
Nucleophosmin/B23 (NPM/B23, 1 also called protein B23), a nucleolar phosphoprotein, is more abundant in cancer cells than in normal resting cells (13) . Biosynthesis of NPM/B23 is increased markedly and promptly in association with cellular commitment for mitogensis (14, 15) . NPM/B23 plays a potential role as a positive regulator of cell proliferation (14, 15) . Overexpression of NPM/B23 in NIH 3T3 cells results in malignant transformation; thus, NPM/B23 seems to be associated with oncogenic activity (16) . NPM/B23 inhibits DNA binding and transcriptional activity of interferon regulatory factor-1, which is a tumor suppressor (16, 17) . Furthermore, NPM/B23 is down-regulated in NIH 3T3 cells during serum deprivationinduced apoptosis (18) , and in HL-60 cells during sodium butyrate-induced apoptosis (19) or retinoic acid-induced differentiation (20) . NPM/B23 antisense oligonucleotide treatment significantly potentiates the induction of differentiation and apoptosis (18 -20) . These studies indicate that NPM/B23 plays a role in the regulation of nucleolar function for cellular growth, differentiation, and apoptosis.
Searching for genes involved in UV-resistance in human cells with mRNA differential display, Higuchi et al. (21) have found that expression of NPM/B23 mRNA is induced after UV irradiation in UV-resistant cells but not in control UV-sensitive cells (22) . Transfection with NPM/B23 antisense cDNA makes UV-resistant cells become partially sensitive to UV cell-killing.
UV-sensitive cells demonstrate lower expression levels of NPM/B23 compared with those of normal fibroblast cells (21) . In addition, increased phosphorylation and poly(ADP) ribosylation of NPM/B23 are observed after x-ray treatment of mammalian cells (23) .
Recently, we have found that NPM/B23 is rapidly up-regulated after UV irradiation as p53, c-Jun, or proliferating cellular nuclear antigen (24) . We also have demonstrated that NPM/ B23 against UV irradiation is associated with enhancement of DNA repair and up-regulation of proliferating cellular nuclear antigen (24, 25) . NPM/B23 could be a key molecule involved in regulating cellular susceptibility to UV irradiation. The biochemical and molecular events involved in cellular responses to UV irradiation may include a modulation of NPM/B23 gene expression. In this study, attempts were therefore made to elucidate how NPM/B23 is induced by UV irradiation. Our results show that UV-induced NPM/B23 expression is superinduced by cycloheximide, which is characteristic of immediateearly gene response. TT, an UV-damaged dinucleotide mimicking the effects of UV-induced DNA, was able to trigger NPM/ B23 expression in the absence of genomic DNA damage. UVinduced activation of NPM/B23 promoter could not be reduced by pretreatment with UV-inducible pathway inhibitors. Our results indicate that UV stimulation of NPM/B23 expression is an immediate-early gene response induced by UV-damaged DNA, and may be a novel UV-inducible pathway.
EXPERIMENTAL PROCEDURES
Reagents and Antibodies-All chemicals and anti-␤-actin monoclonal antibody (mAb) were purchased from Sigma unless indicated otherwise. Thymine dinucleotide (Midland Certified Reagent, Midland, TX) was dissolved in Tris-EDTA buffer. NF-B SN50 (Calbiochem-Novabiochem, La Jolla, CA) was dissolved in PBS. PD98059 and SB203580 were both from Calbiochem-Novabiochem and were dissolved in dimethyl sulfoxide (Me 2 SO). Suramin (Biomol, Campus, PA) was dissolved in PBS. Curcumin and wortmannin were both dissolved in ethanol. Anti-NPM/B23 mAb was kindly provided by Dr. Pui Kwong Chan (Department of Pharmacology, Baylor College of Medicine, Houston, TX). Fluorescein-conjugated affinity-purified goat anti-mouse IgG antibody was from Cappel (Turnhout, Belgium). Rabbit polyclonal antibodies (pAb) directed against p53, c-Jun, and phosphorylated form of Tyr-182 p38 and the mAb against NF-B, the phosphorylated form of Tyr-204 p44/42 extracellular signal-regulated kinase, and Thr-183/Tyr-184 c-Jun NH 2 -terminal kinase were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Cells Culture and UV Treatment-Cells were grown in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 10% heatinactivated serum (Hyclone, UT) (bovine calf serum for NIH 3T3 cells; fetal bovine serum for HeLa cells), 0.5% antibiotics, and 3.7 g/L sodium bicarbonate (Merck) in a 5% CO 2 humidified incubator at 37°C. For cell immunofluorescence studies, cells were subcultured on glass slides in Petri dishes (Nunc, Denmark) 1 day before use. UV treatments (at 254 nm) were performed with a Spectrolinker TM XL-1000 (Spectronics, New York, NY). Before UV irradiation, the culture medium was removed, and the original medium was added to cells. Cells were harvested at indicated times. For mock-treated control cells, the same procedure was followed without irradiation. Immunofluorescence-The immunostaining was performed as previously described (26) . NIH 3T3 fibroblasts were grown on glass slides and fixed in 2% formaldehyde (Merck, Darmstadt, Germany) in PBS (8.5 mM Na 2 HPO 4 , 1.6 mM NaH 2 PO 4 , 0.145 M NaCl, pH 7.2) for 20 min at room temperature. The cells were permeabilized with acetone (Merck) at Ϫ20°C for 3 min. After a wash with PBS three times, the fixed cells were incubated with anti-NPM/B23 mAb (diluted 1:30) at 37°C for 1 h. Cells were then washed 3 times for 15 min each in PBS and incubated with fluorescein-conjugated affinity-purified goat antimouse IgG (diluted 1:30 with PBS) at 37°C for 45 min. The cells were washed another three times for 15 min with PBS and mounted in 50% (v/v) glycerol in PBS. The results were examined under a fluorescent light microscope (Zeiss, Germany).
Western Blot-Cell extracts were prepared as described previously (24) . After normalizing for protein content, extracts were separated by 10% SDS-polyacrylamide gels, transferred to polyvinylidene difluoride membranes (Amersham Biosciences), and probed with antibodies against NPM/B23, ␤-actin, or p53. For quantification of NPM/B23 in indicated times, NPM/B23 and ␤-actin immuno-band intensities were determined by densitometric scanning. The values of NPM/B23 were normalized with respect to the intensities of ␤-actin. Data were analyzed by Image Gauge analysis software (Fujifilm, Japan).
Northern Blot-Total RNA was prepared from NIH 3T3 and HeLa cells by ULTRA-SPEC TM RNA Isolation System (Biotecx Laboratories, Houston, TX). Aliquots of 8 g were separated by 1.2% formaldehyde agarose gel electrophoresis, transferred to Hybond-N nylon membrane (Amersham Biosciences) by downward alkaline capillary method and fixed to membrane by drying at 80°C for 30 min. The NPM/B23 cDNA and ␤-actin cDNA labeled with [␣-32 P]dCTP (Amersham Biosciences) using a random primed kit (Promega, Madison, WI) was employed as a probe for detection of NPM/B23 mRNA. Prehybridization was carried out overnight at 42°C in a solution containing 50% formamide, 5ϫ Denhardt's solution (0.1% Ficoll 400, 0.1% polyvinylpyrrolidone, 0.1% bovine serum albumin), 5ϫ SSC (1ϫ SSC ϭ 0.15 M NaCl, 0.015 M sodium citrate), 0.1% SDS, and 250 g/ml denatured (95°C, 10 min) salmon sperm DNA. Radiolabeled probe at a specific activity of 1 ϫ 10 8 cpm/ml was hybridized with total RNA in the same solution for 24 h at 42°C. Washings of the membranes for the probes were performed twice in 2ϫ SSC and 0.1% SDS at room temperature for 5 min and once in 0.3ϫ SSC and 0.5% SDS at room temperature for 10 min. The radioactive NPM/B23 mRNA was determined by autoradiography with PhosphoImager (Fujifilm BAS 1500; Fujifilm).
Construction of pCR3-B23CAT-Human genomic DNA was isolated from leukocytes. Human NPM/B23 gene containing the promoter region was amplified from genomic DNA by PCR using two group-specific primers: the 5Ј primer (TAGCGCGCAGCTCTCTTAGGGCGATGTC-CTT) and the 3Ј primer (TTAAGCTTCGGGTGGCGGCACGCACT-TAGGTA) containing a BssHII and a HindIII restriction site at its 5Ј end, respectively. The PCR products were digested with BssHII and HindIII (Promega, Madison, WI), and cloned into pCR3CAT. Positive clones containing the 5Ј region of the NPM/B23 gene Ϫ744 to ϩ97 relative to the initiation of transcription (ϩ1) were screened by restriction enzyme mapping and verified by DNA sequencing. The characteristics of this 5Ј region of NPM/B23 gene have been described in previously (27) .
Cell Transfection and Establishment of Stable Clones-Transfections were performed using LipofectAMINE TM Reagent (Invitrogen) method. Before transfection, cells (2 ϫ 10 5 per well) were seeded in 6-well plates overnight. Plasmid DNA (2.5 g) and LipofectAMINE TM Reagent (12.5 g) were each diluted in serum-free medium (150 l). DNA and LipofectAMINE TM Reagent were then mixed and incubated for 30 min at room temperature to allow DNA-liposome complex formation. Cells were rinsed twice with PBS, placed in serum-free medium (0.7 ml), and then overlaid with DNA-liposome complexes. After 6 h of incubation at 37°C in a CO 2 incubator, the DNA-containing medium was replaced by fresh medium containing 10% serum.
For stable transfections, NIH 3T3 cells were transfected with the NPM/B23 promoter-CAT construct designated pCR3-B23CAT as described above. Stably-transfected cells were selected in medium containing 600 g/ml G418 (Calbiochem-Novabiochem). TM (National Diagnostic, Atlanta, GA) and then incubated at 37°C for 5 h to measure NPM/B23 promoter activity. CAT activity was quantified in the scintillation counter (Beckman LSD5000, Palo Alto, CA). For luciferase assay, 10 l of cell lysate was automatically mixed with the reaction buffer (100 l of 20 mM Tricine, 1.07 mM (MgCO 3 ) 4 Mg(OH) 2 , 2.67 mM MgSO 4 , 0.1 mM EDTA, 33.3 mM dithiothreitol, 0.27 mM coenzyme A, 0.47 mM luciferin (Roche, Mannheim, Germany), 0.53 mM ATP at pH 7.8). Luciferase activity was quantified in a luminomer AutoLunmat LB953 (Berthold, Norwalk, CT). Luciferase activity was normalized to the CAT activity of the same extraction without heat treatment.
Statistical Analysis-Data are expressed as means Ϯ S.D. throughout the paper. Statistical analyses were performed with one-way ANOVA test by computer sofware PRISM TM (GraphPad software, San Diego, CA). p values Ͻ 0.05 were considered to be statistically significant. All assays were performed at least three times. Fig. 1 shows the immunofluorescence localization of NPM/B23 in NIH 3T3 cells after UV treatment (254 nm, 30 J/m 2 ) at indicated times. Increase of fluorescence occurred after UV irradiation, and NPM/B23 was mainly localized in the nucleolus. The NPM/B23 immunofluorescence in the nucleoplasm was also increased, particularly at 6 and 12 h after UV treatment. This result indicated that NPM/B23 was up-regulated after UV irradiation. It was consistent with our previous immunoblot data that NPM/B23 protein synthesis in UV-treated cells was up-regulated (24, 25) .
RESULTS

Stimulation of NPM⁄B23 Expression by UV Is an Immediateearly Gene Response-
The time course studies showed that stimulation by UV irradiation of NPM/B23 mRNA expression was also rapid and transient in HeLa/S3 cells (Fig. 2, A and B) and NIH 3T3 cells (data not shown). NPM/B23 mRNA peaked 45-60 min after UV treatment and returned to baseline by 12 h (Fig. 2, A and B) . Because such kinetics are reminiscent of immediate-early responses (28), we also examined whether induction of NPM/B23 by UV exhibits other characteristics of classical immediateearly responses. Immediate-early responses depend on increased transcription rather than mRNA stability and are, therefore, inhibited by transcription blockers, such as actinomycin D (28) . Fig. 2C shows that stimulation of NPM/B23 mRNA expression by UV was inhibited by actinomycin D (5 g/ml). Although these results resembled an immediate-early response, conclusive evidence required examination of protein synthesis inhibitors. Because immediate-early responses are primary effects that do not require synthesis of intermediate proteins, they are not blocked by inhibition of protein synthesis (28) . Instead, immediate-early responses are superinduced; that is, they are increased in both duration and magnitude (28) . Fig. 2B shows that the protein synthesis inhibitor cycloheximide (20 g/ml) superinduced the UV stimulation of NPM/B23 mRNA. Taken together, our results demonstrate that stimulation of NPM/B23 by UV might be an immediate-early gene response.
Activation of NPM⁄B23 Promoter by UV Irradiation-To further determine the effect of UV on NPM/B23 gene expression, we tested the responsiveness of the NPM/B23 promoter-reporter construct (pCR3-B23CAT) to UV treatment. NPM/B23 promoter activity was also increased after UV irradiation (30 J/m 2 ) (Fig. 3 ). There was a 1.5-and 2-fold increases of NPM/ B23 promoter activity in Hela/S3 cells and NIH 3T3 cells, respectively, 12 h after UV exposure (Fig. 3) . NIH 3T3 fibroblast is often considered as a non-transformed cell line (29) , containing normal p53 function, whereas HeLa/S3 is a p53-deficient cancer cell line (30) . This result indicated that UVinduction of NPM/B23 did not require the function of the tumor suppressor p53.
UV-damaged Dinucleotides Could Induce NPM⁄B23 Expression-The small DNA fragment thymine dinucleotides (TT) mimic the effects of UV irradiation and UV-mimetic DNA damage (11) . TT was thus applied to determine whether UV-damaged DNA had an effect on regulation of NPM/B23. A slowing of cell growth and low percentage (Ͻ1%) of dead cells was observed during TT treatment (100 M, 24 h; data not shown). Western blotting was employed to assay the kinetics of NPM/ B23 during TT treatment (100 M). To compare precisely the NIH 3T3 cells were transiently co-transfected with NPM/B23 promoter plasmid (pCRB23CAT) and pCR3.1 Luc (as an internal control) in 10-cm dishes. Twenty-four hours after transfection, cells were subcultured onto 6-cm dishes, and then were treated with TT (100 M). Six hours after TT treatment, cells were harvested and lysed by reporter lysis buffer at indicated times. CAT activity was measured and normalized to the luciferase activity of the same sample. Increase in activation was determined by dividing the CAT activity of each sample by basal CAT activity of mock treatment. *, p Ͻ 0.05, as compared with NPM/ B23 promoter activity in NIH3T3 cells that were mock-treated. levels of NPM/B23 at each indicated time, the immuno-band intensities of NPM/B23 were quantified and normalized with the intensities of ␤-actin. NPM/B23 protein level was increased by 1.6-and 2-fold at 6 and 12 h respectively in response to TT treatment (Fig. 4) . In parallel, p53 was increased during TT treatment as previously reported (11) (Fig. 4A) . Furthermore, the immunofluorescence of NPM/B23 was also examined in cells treated with TT (100 M, 24 h). Similar to UV treatment (Fig. 1) , NPM/B23 was also mainly localized in the nucleolus, and the intensity of fluorescence was increased in TT-treated cells (Fig. 5) . The activity of the NPM/B23 promoter was also increased after TT treatment (100 M), and there was an ϳ2-fold increase at 12 h after TT treatment (Fig. 6 ). Taken together, the results indicated that UV-damaged DNA might play an important role in up-regulation of NPM/B23 in cellular response to UV irradiation.
UV Induction of NPM⁄B23 Promoter Activity Was Not through Growth Factor Receptor Tyrosine Kinase⁄MAPK Pathway-UVC may mimic growth factor/receptor interactions at the cell surface and activate receptor kinases (8) . Suramin has been applied to block UV-induced activation of growth factor receptor tyrosine kinase (31, 32) . Suramin blocks receptor tyrosine kinase-mediated signals including mitogen-activated protein kinases (MAPK) activity (31, 32). As shown in Fig. 7A , pretreatment of cells with suramin (5 M, 30 min) suppressed UV-induced (30 J/m 2 ) phosphorylation of MAPK (extracellular signal-regulated kinase, c-Jun NH 2 -terminal kinase, p38) and protein expression of c-Jun. However, pre-exposure of cells to suramin did not affect UV-induced NPM/B23 mRNA expression (Fig. 7B) and promoter activation (Fig. 7C) . UV-induced NPM/B23 expression might thus be independent of growth factor receptor tyrosine kinase/MAPK pathway. Several inhibitors of UV-inducible pathway were also applied to elucidate the signals involved in UV-induced NPM/B23 expression. NF-B SN50 is a cell-permeable peptide and inhibits translocation of the NF-B active complex into the nucleus (33) . PD98059 is a selective and cell-permeable inhibitor of MAPK kinase (34) . SB203580 is a highly specific and cell-permeable inhibitor of p38 MAPK (35) . Curcumin is an inhibitor of c-Jun/ AP-1 activation (36, 37) . Wortmannin is a DNA-dependent protein kinase inhibitor (38) . In this study, pretreatment of the NIH-3T3 cells with NF-B SN50 ( transcription and promoter activation (Fig. 7, B and C) . On the other hand, NPM/B23 promoter activity was elevated (ϳ1.4-fold) in the cells treated with wortmannin (0.5 M, 6 h; no UV treatment) alone (Fig. 7C) (40) . Currently, there are ϳ100 members in the immediate-early gene set (39) . The immediate-early genes can be subdivided into 2 classes: fast and slow immediate-early genes, distinguishable by their activation kinetics (41). The prototype immediate-early gene, c-fos, is a member of the fast immediateearly genes. Growth factor added to quiescent 3T3 cells stimulates transcription of c-Fos within 10 min. c-Fos expression peaks within 30 min and returns to baseline levels within 2 h (42, 43) . Serum response element, cAMP response element, and sis-inducible element are required for transcription of many fast-kinetic immediate-early genes (41) . On the other hand, the slow immediate-early genes display a slower induction profile after stimulation. Transcription of slow immediateearly genes has a greater lag and persists longer than the rapidly repressed fast-kinetics genes. These genes lack the consensus serum response element and other particular set of transcription control elements (44) . Slow-kinetics immediateearly gene like c-myc displays a 60 min lag period before initiation of transcription in response to growth-factor stimulation (45) . NPM/B23 promoter region lacks the consensus sequence of serum response element, cAMP response element, or sisinducible element (data not shown). In addition, the UV-induced expression of NPM/B23 gene also displays a greater lag time (45-60 min) before initiation of transcription and persists longer (12 h) than fast-kinetic genes. Up-regulation of NPM/ B23 could thus be a slow-kinetic immediate-early gene response to UV irradiation. Activation of immediate-early genes is thought to be an important initial step in the regulation of cellular and genomic responses to external stimulation (28) . Our results implicate that NPM/B23 plays an important role in cellular response to UV.
Our results have also shown that UV-induced activation of NPM/B23 may be mediated through a novel route, rather than receptor tyrosine kinase/MAPK pathway. Treatment of cells with TT causes up-regulation of NPM/B23 and p53, in the absence of initial genomic DNA damage. DNA damage can elicit multiple responses in mammalian cells, including the activation of numerous cascades of signal transduction that result in the activation of cellular genes involved in growth control, DNA repair, and apoptosis (8, 46) . Our previous studies indicate that overexpression of NPM/B23 makes cells more resistant to UV-induced cell growth inhibition and cell death, and this effect may be associated with enhancement of DNA repair activity (24, 25) . NPM/B23 has been identified and characterized as genotoxic stress-induced (UV or ionizing radiation) protein (47) . UV-damaged DNA may be an important factor for induction of NPM/B23 expression. UVC is strongly absorbed by DNA, and DNA itself may be an important sensor to trigger signals that induce DNA repair. This pathway is well characterized by the SOS response in prokaryotes (2), but there is no definite response in eukaryotes yet (8, 11) . Furthermore, p53 is a well known molecule that arrests DNA replication and induces DNA repair in response to DNA damage (48) . Our results have shown that expression of NPM/B23 is also induced by UV in p53-deficient cells (HeLa/S3 cells). NPM/B23 and some DNA repair-associated proteins (49 -51) may be regulated in a p53-independent pathway.
In conclusion, the immediate-early induction of NPM/B23 indicates the existence of a new regulatory pathway that might enable cells to react rapidly upon induction of DNA damage. This is important evidence for a possible involvement of NPM/ B23 in an acute response of mammalian cells to environmental stress.
